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Introduction

Tolerances in microfluidic master molds:
a comparison of 3D printing and micromilling

*2 Immanuel Ojetola,® Maria L. Russotti, Alexis K. Yates®™
*acdefg

Daniel Chavarria,
and Ethan S. Lippmann

3D printing and micromilling are increasingly becoming more accessible alternatives to cleanroom
photolithography for the fabrication of master molds that can be subsequently used for cast patterning
soft material microfluidic devices. However, there is a lack of characterization on the fabrication
tolerances of 3D printed and micromilled master molds, which can influence microdevice performance.
In this work, we present an in-depth characterization of master molds fabricated using 3D printing
versus micromilling. We utilized profilometry to examine the accuracy of fabricated channel dimensions
and assess surface finish. We then proceed to assess differences in performance between devices cast
from 3D printed or micromilled master molds by creating microfluidic splitting devices or flow focusing
devices. We then evaluated their performance in a low-flow rate splitting application and in the
generation of gelatin microspheres respectively. For both applications micromilling resulted in
a significantly smoother surface finish when compared to 3D printed master molds. On average, both
fabrication modalities fell short in accurately fabricating channel dimensions (~50 um) when compared
to the original CAD model of the microfluidic master mold. In our low-flow rate application, there were
no significant differences in flow rate splitting efficiency between microfluidic devices cast from either
3D printed or micromilled master molds. In our assay for generating gelatin microspheres, the smoother
surface finish of the CNC master molds resulted in a flow focusing devices that generated significantly
larger gelatin microspheres. Overall, this investigation serves as a useful guide for future investigators on
the fabrication tolerances of soft material microfluidic devices cast from 3D printed and micromilled
master molds.

design, whereby casting a positive using soft materials such as
polydimethylsiloxane (PDMS) creates the patterned microdevice.

Microfluidics fabrication techniques have greatly advanced
during the past three decades. Photolithography initially
emerged as one of the first fabrication techniques for creating
silicon microfluidic devices for chemical analysis such as that of
Reston and Koselar who created a miniature gas chromatography
system." With the emergence of better photoresist materials,
such as SU-8, the first microfluidic master molds were developed
which could be used for soft lithography.” Soft lithography relies
on a master mold that contains a negative of the intended device
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Soft lithography is a cost-effective method for pattern transfer
and the fabrication of microfluidic devices, and for much of its
history, creation of master molds for soft lithography remained
restricted to specialized cleanrooms which limited rate of adop-
tion. New fabrication technologies such as 3D printing and
micromilling have emerged as alternatives to the use of photo-
resist materials for the fabrication of microfluidic master molds.
3D printing has gained wide popularity due to cost-effectiveness
and accessibility of commercially available 3D printers, which are
generally capable of creating micron-size features.** On the other
hand, micromilling is more cost-prohibitive relative to 3D
printing but also potentially more favorable than photo-
patterning approaches due to cost and accessibility associated
with cleanrooms. Micromilling offers select advantages over 3D
printing in terms of the number of materials that can be used for
subtractive fabrication of master molds, including a variety of
polymers,® metals,” and ceramics' that can be used to create
micron-size features. However, there is a lack of characterization
of how 3D printing versus micromilling influences master mold
features. As such, in this study, we characterize the surface finish
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and tolerances of both 3D printed and micromilled master molds
to assess their reproducibility and accuracy. We also explored
various feed rate velocities for micromilling to assess differences
in tolerances and surface finish in aluminum master molds.
Experimental results revealed that both 3D printing and micro-
milling resulted in comparable master molds with similar toler-
ances and surface finish irrespective of feed rate for the
micromilled master molds. Overall, our study serves as a useful
guide for user expectations when fabricating master molds using
3D printing and micromilling.

Materials and methods
Fabrication of master molds

The p-split chip was designed in CAD software (Fusion 360;
Autodesk) as previously described.™ The master molds for the p-
split chips were fabricated using a 3D printer (Form 3; For-
mlabs) or CNC mill (Haas 1 CM-1). 3D printed master molds
were printed using black resin (Black V4.1; Formlabs). The
master molds were then thoroughly washed to remove excess
resin, dried overnight, and cured with the Formlabs cure
chamber for 30 min at 60 °C. The 3D printed master molds were
then coated with parylene-C dimer as previously described.” For
micromilled master molds, aluminum stock (9146T69;
McMaster-Carr) was milled on the CNC mill using 0.25”, 0.125",
and 0.06” square end mills (8918A51, 8918A41, 8916A66;
McMaster-Carr). Additional information regarding CAD files,
generated tool paths, feeds and speeds are available at GitHub.

Fabrication of microfluidic splitter
devices

To create p-split devices, PDMS (Sylgard 182; Dow Corning)
elastomer and curing agent were mixed at a 9:1 ratio and
poured onto the 3D printed or micromilled master molds. The
master molds were then placed in a vacuum chamber to remove
all bubbles and subsequently heat-cured at 50 °C for 2 hours or
overnight. After heat-curing, the solidified PDMS was carefully
removed from the master molds, and a biopsy punch (1.5 mm)
was used to create inlets and outlets for the channels. Debris
was removed from the surface of the PDMS using tape and the
p-split devices were plasma bonded to a precleaned microscope
glass slide (CLS294875X25; Sigma-Aldrich).

Peristaltic pump perfusion system

A custom-made peristaltic pump perfusion system was designed
using CAD software (Fusion 360; Autodesk). The electronic
controller for the peristaltic pump was modified from a previous
publication.* Briefly, the microfluidic electronic controller system
utilizes a single-board computer (3A+; Raspberry Pi), a breakout
board (HDO040; Xiken Electronic Technology Co., Ltd),
touchscreen display (SC1227; Raspberry Pi), motor driver board
(112779; SparkFun Electronics), and a stepper motor (5-17HS19-
2004S1; StepperOnline) with a 12v power supply (ALT-1205; ALI-
TOVE). The software for the peristaltic pump device was devel-
oped in-house utilizing a programming language (Python; Python
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Software Foundation). The software was modified from a prior
microdevice design used to control a spinning bioreactor.™

Volumetric flow rate measurements
using microfluidic device splitters

To assess the volumetric flow rate profiles of each p-split device,
we utilized two liquid flow sensors (SLI-2000, SLI-0430; Sensi-
rion) directly attached to each of the splitter outlets in turn with
an equal length tubing attached to the outlet that did not have
the sensor. Measurements were averaged over the duration of
the testing period, lasting approximately 30 seconds each.

Measuring tolerances of master molds using stylus
profilometer

Tolerances of the 3D printed and micromilled master molds
were measured using a stylus profilometer (Bruker Dektak 150)
using a 12.5 pm diamond tip set at 12 mg of force. The length of
scan of the stylus profilometer was set to 2000 um with a reso-
lution of 0.067 pm per sample. Surface roughness was
measured at the inlet and both outlets of the microfluidic
splitter device. Three measurements were completed per
sample. All measurements were performed at the Vanderbilt
Institute of Nanoscale Science and Engineering (VINSE).

Calculation of flow rate splitting efficiency

To assess the efficiency by which our p-split device evenly split
flow, we utilized the following formula:

Ose = Q01/Qo2

Here Qgg represents flow rate splitting efficiency, Qo; represents
the flow rate at the first outlet, and Qq, represents the flow rate
at the second outlet. A flow rate splitting efficiency ratio of 1
indicates the device equally splits the flow rate between both
outlets.

Statistical analysis

All statistical analysis were performed using statistical analysis
software (Prism; GraphPad). All experimental results are shown
as mean * standard error of the mean (SEM). Multiple
comparisons between groups were analyzed by one-way ANOVA
followed by Tukey's post hoc test. A two-tailed probability value
P <0.05 was considered statistically significant. An independent
replicate for each experiment was considered as a singular
master mold or p-split chip.

Generation of gelatin microspheres using flow focusing
microfluidic device

The microspheres in this study were composed of 5% porcine
gelatin (G1890; Sigma-Aldrich) dissolved in ultrapure water
(10977-015; invitrogen). The gelatin solution was heated to 37 °C
then sterile filtered through a 22 pm syringe filter (SLMP025SS;
Millitex). The oil solution was composed of 2% Span 80 (S6760;
Sigma-Aldrich) in light mineral oil (330779; Sigma-Aldrich). The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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oil and gelatin solutions were pumped into the microfluidic chip
by syringe pumps (Pump 11 Elite Infusion/Withdrawal
Programmable Single Syringe; Harvard Apparatus) and con-
nected via PTFE tubing (50929; Hach Company). The flow rate of
the oil phase was set to 400 ul min™?, and the flow rate of the
gelatin solution was set to 40 pl min~'. During microsphere
formation, the microfluidic chip was placed on a hot plate at 37 °
C and the collection plate was placed on top of ice to facilitate
thermal crosslinking of the gelatin.

Results
Fabrication of microfluidic splitter master molds using 3D
printing and micromilling

To examine the tolerance differences of 3D printed and micro-
milled master molds, we utilized a microfluidic splitter device
design by our lab that we refer to as p-split, which was
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developed in our lab to facilitate even fluid splitting under low-
flow applications. Briefly, the microfluidic splitter device
consists of one inlet channel that splits into two outlet channels
using a wishbone geometry (Fig. 1A and B). The inlet channel of
the p-split device was designed to be 600 pm wide by 300 pm tall
(Fig. 1C) while the two outlet channels of the p-split device were
designed to be 300 pm wide by 300 pum tall each (Fig. 1D). To 3D
print the master mold of the p-split device, we utilized an SLA
3D printer and then parylene coated the printed mold to create
an inert surface as described in our prior work.* Triplicates of
the 3D-printed and parylene coated p-split device were gener-
ated for experimentation (Fig. 2). For the micromilled p-split
master molds, we used aluminum blanks and a compact CNC
mill. We first utilized a 0.25” flat end mill to flatten out the
stock. Then we proceeded to utilize 0.125” flat end mill to carve
out the geometry of the p-split device. In these experiments, we

Inlet Cross Section

Outlet Cross Section

C - Inlet Cross Section

600 um
3 300 um
| -y
D - Outlet Cross Section
300 um 300 um
1 300 pm 300 pm 1

Fig. 1 Diagrams of microfluidic splitter master mold. Diagrams generated utilizing computer-aided design software of (A) top and (B) angled
view of master mold for casting a microfluidic splitter device. Diagrams of (C) inlet and (D) outlet cross section of master mold for casting

a microfluidic splitter device.
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Fig. 2 Pictures of 3D printed and CNC machined microfluidic splitter master molds. Top view pictures of 3D printed, and micromilled
microfluidic splitter master molds fabricated using a form 3 SLA printer and Haas CM-1 compact mill correspondingly. Micromilled master molds
were fabricated using increasing feeding rates (8.75, 17.5, 35, and 52.5 inches per minutes [IPM]) using a titanium coated 1/8” high speed steel flat

end mill.

varied the feed rate of the 0.125” flat end mill while maintaining
the same spindle rotational speed. This allowed us to study
differences in the surface finish created by varying the CNC mill
feed rate. Throughout the course of experimentation, we
generated triplicates of the p-split devices milled at 8.75, 17.5,
35, and 52.5 inches per minute (IPM; Fig. 2). We also attempted
to mill versions of the p-split device using feed rates of 70 and
140 IPM. However, at these feed rates the 0.125” flat end mill
broke before finishing. Finally, we utilized a 0.06” flat end mill
to mill the bifurcation junction of p-split device where the inlet
channels split into the two outlet channels, given the finer
features of this section.

Characterization of fabricated master mold tolerances using
profilometry

To assess differences in fabrication tolerances, we utilized
a stylus profilometer to measure the surface finish of the 3D

19440 | RSC Adv, 2026, 16, 19437-19448

printed and micromilled p-split master molds. We recorded
profilometer measurements at an intermediary point of the
inlet channel and both outlet channels of each fabricated
master mold. Based on the CAD drawing for the p-split master
mold, the inlet channel cross section of the p-split device would
result in a rectangle measuring 600 um wide by 300 um tall
(Fig. 3A). We plotted the inlet channel profilometer measure-
ments for each fabricated p-split master mold and noticed all
fabrication modalities (3D printed or micromilled) resulted in
a trapezoidal geometry for the cross section of the inlet chan-
nels (Fig. 3B-F). All fabrication modalities resulted in a wider
inlet channel (~700 um) with no statistically significant differ-
ence between any of the p-split master molds fabricated using
3D printing or micromilling (Fig. 4A). The average height of the
inlet channel for the 3D printed and micromilled master molds
milled at 17.5, 35, and 52.5 IPM were shorter (~250 um) than
the CAD model (300 um; Fig. 4B). The master mold milled at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Inlet profilometer measurements of master molds of microfluidic splitters. (A) Graph of theoretical inlet profilometer measurements of

microfluidic splitter master mold retrieved from CAD file. Profilometer measurement from microfluidic splitter inlet master molds fabricated
using (B) 3D printing and (C—F) micromilling. Data represents profilometer measurements from N = 3 from single master molds per fabrication

method.

8.75 IPM yielded an average inlet channel height (301 um) that
was very close to the CAD model, resulting in a statistically
significant difference compared to the rest of the 3D printed
and micromilled master molds using different feed rates
(Fig. 4B). Although the width and height of the inlet channels
for the 3D printed master molds and master molds micromilled
at 17.5, 35, and 52.5 IPM deviated from the CAD model, the
average cross sectional area for these master molds (~181 000
um?; Fig. 4C) closely approximated the cross sectional area of
the inlet channel in the CAD model (180 000 um?). The average
cross-sectional area for the inlet channels of the p-split master
molds milled at 8.75 IPM was larger (211 235 pm?) and signifi-
cantly different from the rest of the fabricated master molds
(Fig. 4C).

We repeated the same profilometry analysis for the outlet
channels of all the fabricated p-split master molds. The outlet
channel from the CAD model were designed to have a rectan-
gular cross-sectional geometry measuring 300 pm wide and 300
pm tall (Fig. 5A). When we plotted the profilometry measure-
ments from all outlet channels of the 3D printed and

© 2026 The Author(s). Published by the Royal Society of Chemistry

micromilled master molds, we noticed the same trapezoidal
geometry in all the outlet channels as seen in the inlet channels
(Fig. 5B-F). The average width for all micromilled master molds
was wider than the CAD model (300 pm) ranging from 426 to
444 pm (Fig. 6A). The 3D printed p-split master molds had even
wider channels (506 pm) when compared to the micromilled
master molds, which resulted in a statistically significant
difference (Fig. 6A). The profilometer measurements also
revealed no differences in height of the outlet channels fabri-
cated using 3D printing and micromilling (17.5, 35, 52.5 IPM),
resulting in average shorter channels (242-260 pm) when
compared to the CAD model (300 pm; Fig. 6B). The master mold
micromilled at 8.75 IPM more closely approximated the CAD
model height, averaging an outlet channel height of 288 pm,
which was significant different from the rest of the 3D printed
and micromilled master molds (Fig. 6B). All fabrication
modalities resulted in wider average cross-sectional area when
compared to the CAD model (90 000 pm?; Fig. 6C). The average
cross-sectional area between p-split master molds micromilled
at 8.75 IPM (122 039 um?) was significantly different from the

RSC Adv, 2026, 16, 19437-19448 | 19441
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Fig. 4 Quantification of inlet profilometer measurements. Inlet profil-
ometer measurement plots from each master mold were used to measure
the average inlet (A) width, (B) height and (C) cross-sectional area (CSA).
Data represents mean + SEM from N = 3 from single master mold inlet per
fabrication method. Statistical significance was calculated using a one-way
ANOVA comparing all the fabrication modalities to each other (8.75 IPM vs.
17.5IPM, 875 IPM, vs. 35 IPM, 8.75 IPM vs. 52.5 IPM, 8.75 IPM vs. 3D print,
17.51PM vs. 35 IPM, 17.5 IPM vs. 52.5 IPM, 17.5 IPM vs. 3D print, 35 IPM vs.
52.5IPM, 351PMvs. 3D print, and 52.5 IPM vs. 3D print; ** p < 0.01; *** p <
0.001; **** p < 0.0001). Dotted lines represent the width, height, and
cross-sectional area from the CAD model of the p-split master mold.
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master molds micromilled at 35 IPM (105220 pm?; Fig. 6C).
There were also significant differences between the average
cross-sectional area of the 3D printed master molds (131 950
umz) compared to the master molds micromilled at 17.5, 35,
and 52.5 IPM (108 275, 105 220, and 108 231 um?, respectively;
Fig. 6C). Lastly, we characterize the surface finish of p-split
device by obtaining profilometry measurements at three
random flat segments excluding the inlet or outlet channels
from of each master mold. We then calculated the surface
roughness by subtracting the lowest profilometry measurement
from the highest profilometry measurement. Overall, the
micromilled master molds had a smooth surface finish with the
average surface roughness ranging from 362 to 388 nm (SI
Fig. 1). The 3D printed master molds had a significantly higher
average surface roughness (1772 nm) compared to the micro-
milled master molds (SI Fig. 1).

Effects of microfluidic fabrication tolerances on low-flow rate
splitting

This p-split device is ideal for testing the effects of fabrication
tolerances on low-flow rate conditions, as microfluidic splitting
at low-flow rates is highly sensitive to small aberrations in
surface finish that alter the channel dimensions as we have
previously demonstrated. To test how differences in micro-
fluidic tolerances might affect low-flow rate splitting, we cast
PDMS devices using each of the fabricated p-split master molds.
The PDMS devices were then connected to a custom peristaltic
pump (SI Fig. 1A) to generate flow (SI Fig. 1B). We tested various
inlet flow rates including 5, 19, 35, 55, and 100 ul min~" while
collecting volumetric measurements at each outlet (Fig. 7A).
The lowest inlet flow rate setting of 5 ul min~* resulted in the
most irregular low-flow splitting at the outlets of all the PDMS
devices cast from the micromilled master molds, yielding either
stalled flow or back flow at the outlets (Fig. 7B). The PDMS
devices cast from the 3D printed master molds resulted in an
average flow rate of 1.83 ul min " (Fig. 7B). At a flow rate of 19
ul min~?, only the PDMS devices cast from the master molds
micromilled at 17.5 and 52.5 IPM had any backflow (Fig. 7C).
The PDMS p-split devices from the master molds micromilled at
17.5 and 35 IPM had outlet flow rates averaging 2.27 and 5.20
ul min~" (Fig. 7C). The rest of the PDMS p-split devices (8.75
IPM, 52.5 IPM, and 3D print) had stalled flow at the outlets
(Fig. 7C). An inlet flow rate of 35 ul min ™" resulted in an average
positive flow rate for all the PDMS p-split devices although the
PDMS p-split devices cast from the master molds micromilled at
17.5 and 35 IPM had the most variability in flow rates at the
outlets (Fig. 7D). At an inlet flow rate of 55 ul min", all PDMS
devices irrespective of fabrication method had an average
positive outlet flow rate ranging from 6.92 to 23.49 pl min~*
(Fig. 7E). Once again, the PDMS devices cast from the master
molds micromilled at 35 IPM had the highest average outlet
flow rate but also had the highest variability between outlet flow
rates (Fig. 7E). Lastly, at an inlet flow rate of 100 pl min~*, the
average outlet flow rate for all p-split devices approached the
perfect theoretical splitting value (50 pl min~') with average
outlet flow rates ranging from 43.14 to 55.88 ul min*

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00916f

Open Access Article. Published on 13 April 2026. Downloaded on 4/18/2026 1:12:44 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A

400000
300000
200000

100000

Height (nm)

400000

300000

200000

100000

Height (nm)

400000

300000

200000

100000

Height (nm)

0

400000

300000

200000

100000

Height (nm)

0

400000

300000

200000

100000

Height (nm)

400000

300000

200000

100000

Height (nm)

0

== CAD
.........
0 2000 4000 6000 8000 10000
Lateral (um)
3D Print 01
3D Print 02
3D Print 03
R — T . = — .
4000 6000 10000
Lateral (pm)
= 8.75IPMO01
7 + 8.75I1PM 02

- 8.75IPM 03
0 2000 4000 6000 8000 10000
Lateral (um)
17.51PM 01
17.51PM 02
e 17.5I1PM03
LR o o
4000 6000 10000
Lateral (um)
*+ 35IPM 01
= 35IPM 02
35I1PM 03
— — — —
0 2000 4000 6000 8000 10000
Lateral (um)
= 52.5IPM 01
4 52.5IPM02
v 52.5IPM 03
» 7

0

2000

T T
4000 6000 8000

Lateral (um)

10000

View Article Online

RSC Advances

Fig. 5 Outlet profilometer measurements from master molds of microfluidic splitters. (A) Graph of theoretical outlet profilometer measure-
ments of microfluidic splitter master mold retrieved from CAD file. Profilometer measurement from microfluidic splitter outlet master molds
fabricated using (B) 3D printing and (C—F) micromilling. Data represents profilometer measurements from N = 3 from single master molds per

fabrication method.
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Fig. 6 Quantification of outlet profilometer measurements. Outlet
profilometer measurement plots from each master mold were used to
measure the average inlet (A) width, (B) height and (C) cross-sectional
area (CSA). Data represents mean + SEM from N = 6 from single
master mold outlet per fabrication method. Statistical significance was

calculated using a one-way ANOVA comparing all the fabrication
modalities to each other (8.75 IPM vs. 17.5 IPM, 8.75 IPM, vs. 35 IPM,
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irrespective of the fabrication method used for the master mold
(Fig. 7F). Again, the PDMS device cast from the master molds
micromilled at 35 IPM had the highest variability at the outlet
flow rates (Fig. 7F).

To better understand the efficacy at which each PDMS p-split
device splits low-flow rates, we proceeded to calculate flow rate
splitting efficiency using the ratio of the right outlet and left
outlet volumetric measurements. We then created a plot of the
flow rate splitting efficiency ratio at each inlet flow rate (5, 19,
35, 55, and 100 pl min’l). In an ideal scenario, the flow rate
splitting efficiency ratio should be 1 indicating the device
equally splits the flow rate between both outlets. At an inlet flow
rate of 5 pul min~, the average splitting efficiency ratio is very
high for all devices (1.7 to 23), indicating inefficient flow rate
splitting at the outlet channels (SI Fig. 3). This is mainly due to
the stalling and backflow at certain outlets, irrespective of
fabrication method of the master mold. The average flow rate
splitting efficiency drastically improves, approaching a splitting
efficiency ratio of 1 as we near higher flow rates (19, 35, and 55
pl min~") for most fabrication methods with exception of the
PDMS p-split devices cast from the master molds micromilled at
17.5 IPM (SI Fig. 3). At a flow rate of 100 ul min~?, all PDMS p-
split devices closely approximated a perfect splitting ratio of 1
with the average flow rate splitting efficiency ranging from 0.84
to 1.5, irrespective of the fabrication methods used for creating
the master mold (SI Fig. 3). We compared the variance of the
average flow rate splitting efficiency ratio at each inlet flow rate
using one-way ANOVA and found no statistically significant
differences between any of the fabrication methods used for
creating the p-split master molds.

Additionally, we explored the effects of varying the ratio
between the curing agent and elastomer utilize to make our
PDMS microfluidic chips on our flow rate splitting efficiency.
Using the master molds micromilled at 35 IPM, we cast PDMS
microfluidic chips with varying ratios of curing agent to elas-
tomer (1:5, 1:9, and 1:20), proceeded to repeat our low-flow
splitting assay (5, 19, 35, 55, and 100 ul min~'), and calcu-
lated the flow rate splitting efficiency. The results of our
experiments revealed that ratio of 1 : 5 (curing agent: elastomer)
had a flow rate splitting efficiency comparable to our original
ratio of 1: 9 across all inlet flow rates (SI Fig. 4). The PDMS chips
made using a ratio of 1: 20 performed poorly at evenly splitting
flow, this was most evident when the inlets were perfused at 19
and 35 pl min~ " resulting in an average of flow rate splitting
efficiency of 145.64 and —82.157 respectively. Like our previous
comparison between 3D printed and micromilled master molds
using varying feed rates, all three varying ratios of curing agent
and elastomer (1:5,1:9,and 1:20) approached an average flow
rate splitting efficiency ratio of 1 (0.64-1.498) once the inlet flow
rate increased to 100 pl min~" (SI Fig. 4).

8.751PMvs. 52.5IPM, 8.75 IPMvs. 3D print, 17.5 IPM vs. 351PM, 17.5 IPM
vs. 52.5 IPM, 17.5 IPM vs. 3D print, 35 IPM vs. 52.5 IPM, 35 IPM vs. 3D
print, and 52.5 IPM vs. 3D print; * p < 0.05; ***p < 0.001; **** p <
0.0001). Dotted lines represent the width, height, and cross-sectional
area from the CAD model of the p-split master mold.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Flow rate characterization of microfluidic splitters. (A) Line graphs of flow rate measurements from microfluidic splitter outlets. Average
flow rate of each microfluidic splitter outlet at various inlet flow rate velocities including (B) 5, (C) 19, (D) 35, (E) 55, and (F) 100 pl min~t. Dotted line
in each bar graph represents the expected value for equally splitting the inlet flow rate. Data represents mean + SEM from N = 6 from single
master mold outlet per fabrication method. Statistical significance was calculated using a one-way ANOVA applied to each fabrication method (*,

p < 0.05; *** p < 0.001; **** p < 0.0001).

Effects of microfluidic fabrication tolerances on the
production of gelatin microspheres

Lastly, we decided to test a secondary application for evaluating
the effects of fabrication tolerances in a flow focusing micro-
fluidic device designed for generating gelatin microspheres
(Fig. 8A and B). We fabricated 3 master mold replicates of the

© 2026 The Author(s). Published by the Royal Society of Chemistry

flow focusing microfluidic device using 3D printing and
micromilling (Fig. 8C). We proceeded to measure the channel
dimensions and calculated the cross-sectional area (CSA) of the
flow focusing channel and the main channel. We found no
statistically significant differences in the CSA of the flow
focusing channel (~700 000 pm?; Fig. 8D) or the main channel
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Fig. 8 Comparison of gelatin microspheres generated using a flow focusing microfluidic casted from a 3D printed and micromilled master
molds. Diagrams generated using CAD software of (A) angled and (B) top view of flow focusing microfluidic master mold. (C) Pictures of
fabricated flow focusing microfluidic master molds using 3D printing and micromilling. Cross sectional area measurements of (D) main channel
and (E) flow focusing channel of the fabricated flow focusing microfluidic master molds. (F) Calculated surface roughness from profilometry
measurements of 3D printed and micromilled master molds. Pictures of gelatin microspheres generated using microfluidic chips casted from (G)
3D printed and (H) micromilled master molds (scale bar = 300 pm). (I) Diameter measurements of gelatin microspheres generated using flow
focusing microfluidic chips. Dotted lines represent the cross-sectional area (CSA) from the CAD model of the flow focusing microfluidic master
mold. Data represents mean + SEM from N = 3 from single master mold per fabrication method. Statistical significance was calculated using an
unpaired Student's t-test (*, p < 0.05).
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(~1960000 pm®; Fig. 8E) between the different fabrication
modalities. We calculated the surface roughness from our
profilometry measurements across the top of the flow focusing
channel and main channel. There was a statistically significant
difference in the average surface roughness between the 3D
printed (1524 nm) and micromilled (632 nm) master molds
(Fig. 8F). We proceeded to generate multiple batches of ther-
mally cross-linked gelatin microspheres using flow focusing
microfluidic devices cast from the 3D printed or micromilled
master molds (Fig. 8G and H). Quantification of the gelatin
microspheres showed a statistically significant difference in the
average diameter of gelatin microspheres generated between
the flow focusing devices from the 3D printed (787 um) and
micromilled (926 um) master molds (Fig. 8I).

Conclusions

This investigation is intended to function as a guide for future
researchers creating microfluidic master molds using 3D
printing and micromilling. For micromilling, our profilometry
measurements indicate that the only significant difference was
for the master molds at 8.75 IPM. We hypothesize that the
major differences in the channels heights were primarily due to
the use of a new 0.125” flat end mill as the previous 0.125” end
mill use for micromilling the rest of the master molds (17.5, 25,
and 52.5 IPM) broke when we attempted to fabricate master
molds using a feed rate of 140 IPM. Thus, the difference in the
channel heights for the master molds micromilled at 8.75 IPM
is a function of the tolerances of the flat end mills (~75 pm)
used during the micromilling process. Overall, irrespective of
the fabrication method (3D printing or micromilling), the
fabricated channels tended to be shorter and narrower when
compared to the CAD model. We also noted a difference on the
surface finish of the master molds that were 3D printed versus
the ones that were micromilled. Micromilled master molds had
a smoother finish with the average surface roughness of
~300 nm while the 3D printed master molds had an average
surface roughness of ~1700 nm, an entire order of magnitude
higher. In our low-flow rate splitting experiments, we did not
notice any significant differences in performance between
devices made from different master molds. This is especially
interesting as our average surface roughness were statistically
significantly different between the 3D printed and the micro-
milled master molds. Low-flow rate splitting remains a chal-
lenging endeavor due to the dominance of surface tension and
hydrodynamic resistance that is amplified in microfluidic
devices. We hypothesize that surface tension and hydrodynamic
resistance play a dominant role in the flow rate splitting effi-
ciency more so than average surface roughness. This was the
most apparent at an inlet flow rate of 5 pl min~" where the
majority of the PDMS p-split devices had either stalled flow or
back flow at one of the outlet channels. The average flow rate
splitting efficiency only normalized when we increased the inlet
flow rate. This was the most evident in our highest inlet flow
rate condition (100 ul min~"). Interestingly, the PDMS p-split
devices from the master molds micromilled at 17.5 IPM had the
worst splitting efficiency ratio, it is unclear why this occurred.
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To conclude our testing on the effects of microfluidic fabrica-
tion tolerances on low-flow rate splitting, we proceeded to test
different ratios of PDMS curing agent and elastomer (1:5,1:9,
and 1: 20). Interestingly, we noticed more variability in the flow
rate splitting efficiency in the PDMS p-split devices made using
a 1:20 ratio of curing agent and elastomer. Like our previous
testing, increasing the flow rate made all p-split devices, irre-
spective of curing agent and elastomer ratio combination (1: 5,
1:9, and 1:20), approach a flow rate splitting efficiency of 1,
indicating even splitting between both outlets of the p-split
devices. We hypothesize that other factors such as tooling
tolerances, master mold cleanliness, and PDMS microfluidic
device assembly may also play a role that significantly alters the
performance of microfluidic devices in low-flow rate splitting
applications. Although micromilling results in smoother
surface finish, our data demonstrates no significant differences
between PDMS p-split devices cast from either micromilled or
3D printed master molds in our low-flow rate splitting
application.

In our second application utilizing a flow focusing micro-
fluidic device to generate gelatin microspheres we did not
notice any significant differences in the channel dimensions
between flow focusing microfluidic device cast from 3D printed
or micromilled master molds. Similarly to our p-split devices,
we noticed that there was a significant difference in average
surface roughness between 3D printed and micromilled master
molds, with CNC molds being 3 times smoother than the 3D
printed master molds. In this application the difference in
average surface roughness led to the generation of different size
gelatin microspheres. The flow focusing microfluidic chips cast
from the CNC master molds generated gelatin microspheres
that were approximately 140 pm larger in diameter. We
hypothesize that the smoother surface finish in the flow
focusing microfluidic device cast from the micromilled master
molds reduces the shear stress along the walls of the PDMS
device, creating a thinner oil film along the walls, and reducing
turbulent flow. This in turn allows for the gelatin microspheres
to grow before being pinched off at the flow focusing channel
segment, resulting in a larger average diameter microsphere
even though we utilized the same flow rates during our experi-
mentation. The results of this second application highlight the
importance of fabrication tolerances and their impact on
experimental outcomes. We would like to highlight to our
reader that tighter fabrication tolerances can be achieved by
using different fabrication procedures such as those performed
in a cleanroom using SU-8 photolithography which can result
on average surface roughness ranging from 1 nm* to 10 nm.*
When fabricating a microfluidic chip, we would like our readers
to carefully consider whether your microfluidic application will
be sensitive to the fabrication tolerances achieved by your
fabrication method of choice (3D printing, micromilling, of SU-
8 photolithography). Thorough testing must be performed
when switching fabrication modalities to ensure that fabrica-
tion tolerances are not altering your microfluidic application
outcomes.

The major advantages of 3D printed master molds are their
ability to rapidly fabricate prototypes, cheaper fabrication cost,
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and user friendliness. Additionally, 3D printing allows for the
creation of more intricate 3D designs that micromilling might
not be able to create due to constraints with tooling operations
and dimensions. The tradeoff for these advantages is the brit-
tleness of 3D printed master mold which can lead to cracking or
breakage as well as its limited lifetime. In our experience, 3D
printed microfluidic master molds last approximately 10 to 15
cast cycle before signs of wear and tear appear. This makes 3D
printed master molds ideal for rapidly iterating prototype
designs in the laboratory or for microfluidic designs that would
be impossible to fabricate using micromilling. In contrast,
micromilled aluminum master molds offer a longer lifetime (if
properly cleaned and maintained) which can last hundreds if
not thousands of cast cycles before signs of wear and tear
appear. This make micromilled aluminum master highly
desirable for the mass production of a finalized microfluidic
design such as for commercial production. However, creating
micromilled aluminum master molds is more expensive than
their 3D printed counterparts and requires more training to
successfully mill an aluminum master mold. We hope our work
acts as an initial guide for future researchers in their fabrication
endeavors to produce 3D printed and micromilled master
molds.
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